We present analysis results for a nearby galaxy cluster Abell 1631 at z = 0.046 using the X-ray observatory Suzaku. This cluster is categorized as a low X-ray surface brightness cluster. To study the dynamical state of the cluster, we conduct four-pointed Suzaku observations and investigate physical properties of the Mpc-scale hot gas associated with the A1631 cluster for the first time. Unlike relaxed clusters, the X-ray image shows no strong peak at the center and an irregular morphology. We perform spectral analysis and investigate the radial profiles of the gas temperature, density, and entropy out to approximately 1.5 Mpc in the east, north, west, and south directions by combining with the XMM-Newton data archive. The measured gas density in the central region is relatively low (a few × 10 −4 cm −3 ) at the given tempera-1 ture (∼ 2.9 keV) compared with X-ray-selected clusters. The entropy profile and value within the central region (r < 0.1 r 200 ) are found to be flatter and higher ( > ∼ 400 keV cm 2 ). The observed bolometric luminosity is approximately three times lower than that expected from the luminosity-temperature relation in previous studies for relaxed clusters. These features are also observed in another low surface brightness cluster, Abell 76. The spatial distributions of galaxies and the hot gas appear to be different. The X-ray luminosity is relatively lower than that expected from the velocity dispersion. A post-merger scenario may explain the observed results.
The measurement of entropy distribution of the intracluster medium (ICM) provides a clue to study the thermodynamical history of cluster evolution (Voit 2005) . The three LSB clusters in the above-mentioned cluster sample show relatively higher temperature than those of the X-ray selected clusters at a given gas density. In other words, the LSB clusters show relatively high central entropy (K > 200 keV cm 2 ) 1 . A possible interpretation of this character is that the clusters are dramatically younger.
A spatially resolved X-ray spectral analysis in the LSB cluster Abell 76 was conducted by Ota et al. (2013) . A76 shows one of the lowest surface brightness values among the ROSAT clusters studied by Neumann & Arnaud (1999) . The entropy within the central region (r < 0.2 r 200 ) is exceptionally high (∼ 400 keV cm 2 ). This phenomenon is not readily explained by either gravitational heating or preheating. The X-ray morphology is clumped and irregular, and the electron density is extremely low (∼ 10 −3 cm −3 ) for the observed high temperature (∼ 3.3 keV). The diffuse nature of the cluster may suggest that this is the system in formation. Currently, the only LSB cluster to be analyzed in detail is A76. To clarify the nature of LSB clusters and their thermodynamic evolution, many more clusters should be analyzed.
To further explore the nature of LSB clusters, we focus on Abell 1631 at z = 0.046. The cluster has the lowest surface brightness in a cluster sample of ROSAT All-Sky Survey and the flux is ∼ 7.8 × 10 −12 erg s −1 cm −2 in the energy range of 0.5-2.4 keV (Ebeling et al. 1996) . A faint diffuse emission around the cluster was detected by XMM-Newton (Trinchieri et al. 2012) ; however, any detailed spectral analysis of the ICM has not been conducted. The rich optical data are also available to investigate the galaxy distribution and the velocity dispersion and compare X-ray properties with optical properties to study the cluster dynamics.
The paper is organized as follows: Section 2 presents the observation of A1631 with Suzaku and XMM-Newton and the data reduction, and section 3 describes our analysis method and the results.
In section 4 we discuss the X-ray properties and the optical properties and propose a possible scenario.
Where necessary, we assume the standard cosmological model with a matter density of Ω M = 0.27, the cosmological constant Ω Λ = 0.73 and the Hubble constant H 0 = 70 km s −1 Mpc −1 . At the cluster redshift z = 0.046, 1 ′ corresponds to 54 kpc. In this paper, we used HEAsoft v6.21 and XSPEC version 12.9 to perform χ 2 fitting and the metal-abundance table of Anders & Grevesse (1989) . Unless otherwise stated, the error ranges show the 90% confidence level from the center value.
1 Defined as K ≡ kT n −2/3 e , where k, T and ne are the Boltzmann constant, the temperature, and the electron density, respectively. Four-pointed observations of A1631 (the center, east, west, and north) were conducted by Suzaku.
The details of the observations are summarized in table 1. The XIS instruments, which are X-ray sensitive CCD cameras, are installed in Suzaku. These consist of four cameras: three front-illuminated (XIS-0, -2, -3) and one back-illuminated (XIS-1) CCD cameras (Koyama et al. 2007 ). Since the entire imaging area of the XIS-2 was lost due to micro-meteorite hits, no useful data have been obtained with XIS-2 since 2006 November 9. The XIS-0, -1 and -3 CCD cameras were operated in normal mode with the running of space charge injection (Uchiyama et al. 2009 ).
Event files were created with Suzaku pipeline processing. The data were analyzed with CALDB (v2016-06-07 for XIS and v2011-06-30 for XRT) which are calibration files for XIS and the X-ray telescopes (XRT: Serlemitsos et al. (2007) ). The XIS data were filtered by using the criteria as follows: Earth elevation angle > 5
• , day-Earth elevation angle > 20 • , and time removal during the South Atlantic Anomaly. We applied an additional correction to remove flickering pixels 2 . Point sources detected in the XMM-Newton observation (see, section 2.2) were removed.
In recent years, Suzaku observations have been increasingly affected by the O I contamination at 0.525 keV (Sekiya et al. 2014) caused by the fluorescence of solar X-rays with neutral oxygen in Earth's atmosphere. The O I contamination sometimes affects the spectral analysis in estimating X-ray background components. Although this effect can be minimized by using events taken during time intervals in the larger elevation angle from the bright Earth limb (the DYE ELV parameter),
we modeled the O I line with a Gaussian instead of conducting the DYE ELV filtering in the spectral analysis not to reduce the exposure time. We conducted the spectral analysis using DYE ELV filtering and confirmed that the resulting parameters are consistent with each other within the statistical errors.
XMM-Newton
We obtained the XMM-Newton/EPIC data for A1631 available from the XMM-Newton Science
Archive. The XMM-Newton data mainly cover the south region of A1631. The EPIC observation data were analyzed with ESAS (Extended Source Analysis Software) , packaged in SAS version 16.0.0.
The EPIC data were processed and screened in the standard way with SAS pipeline software tools epchain, emchain, and the ESAS tools pn-filter and mos-filter. The data were filtered by removing time intervals of high background due to soft proton flares whose rates were out of the 2σ range of the rate distribution. The observation identification and the flare-filtered exposure time are listed in table 1. By using cheese tool, point sources are identified in each detector and removed from our analysis.
ANALYSIS and RESULTS

Images
Figure 1 (a) shows a Suzaku/XIS1 image of A1631 in the 0.5-5 keV band. The image was corrected for exposure map and vignetting and was smoothed by a Gaussian function with σ = 25 ′′ after subtracting a non X-ray background (NXB) image. The exposure map and NXB image were generated by using xissim (Ishisaki et al. 2007 ) and xisnxbgen tools (Tawa et al. 2008) , respectively. Figure   1 (b) shows a combined XMM-Newton/EPIC image in an energy band of 0.5-5.0 keV. The quiescent particle background (QPB) image, which was produced by pn back and mos back tools , was subtracted in each image. The adapt 2000 tool was used to create exposurecorrected, QPB-subtracted, adaptively smoothed mosaic images.
From the images, we find clear X-ray diffuse emission from A1631 on the north of NGC4756.
The spatial structure of the X-ray emission in A1631 is clearly detected. The cluster's X-ray peak position, indicated by a white cross in figure 1, is determined from the XMM-Newton image since the Suzaku image is affected by contamination from the foreground galaxy NGC 4756 due to the large (∼ 2 ′ ) Suzaku's point spread function (PSF). We find that the X-ray morphology shows no strong peaked feature and irregular morphology. 
Spectra
To investigate the spatial distribution of the spectral properties, the spectra were extracted from the six concentric rings azimuthally (Region 1:
Region 4: 12 ′ < r < 16 ′ , Region 5: 16 ′ < r < 20 ′ and Region 6: 20 ′ < r < 24 ′ ) as shown in figure   1 except for Region 1 because of the low statistics. The Suzaku and XMM-newton observation data were used for the spectral analysis in three directions (east, west, and north) and the south direction, respectively. We excluded the region of a foreground galaxy NGC 4756 detected by Trinchieri et al. (2012) shown in figure 1 from our spectral analysis. An F-type star HIP 62872 is located around the X-ray peak in the corner of the field of view in the north. The Suzaku spectrum is described by an optically-thin thermal plasma model with kT ∼ 0.6 keV and the 0.5-2.4 keV luminosity of ∼ 8 × 10 28 erg s −1 assuming the distance to the star, 65.8 pc, (Perryman et al. 1997) , and we concluded the X-ray emission is originated from the F type star (Panzera et al. 1999) . The region was also excluded.
For each annulus in the east, north, and west, the observed 0.5-8 keV Suzaku spectra of three sensors (XIS-0, XIS-1, and XIS-3) were simultaneously fitted. Here the redistribution matrix files (RMFs) were generated by xisrmfgen (Ishisaki et al. 2007 ). The effective area ancillary response files (ARFs) were calculated by xissimarfgen (Ishisaki et al. 2007) . As input images, we used flatfield emission models over the spectra extraction regions. The NXB spectra were subtracted by using xisnxbgen tool (Tawa et al. 2008 ).
The 0.5-11.0 keV XMM-Newton spectra in the south direction and response files were prepared by the XMM-ESAS tools mos-spectra and pn-spectra. The QPB spectra were estimated by pn back and mos back tools and subtracted from the observed spectra. The observed XMM-Newton spectra of MOS1, MOS2 and pn were simultaneously fitted. We note that only spectra of MOS2 and pn were used in the spectral analysis for Region 1 since the region is located on the lost CCD chip in MOS1. Instrumental fluorescence lines and the residual soft-proton contamination were modeled with Gaussian components and a power-law component, respectively.
To estimate the X-ray background emission, the ROSAT All-Sky Survey spectrum derived from the HEASARC X-ray Background Tool 3 was used because it is difficult to estimate the emission in the field of view due to the widely distributed ICM. As X-ray background emissions, the cosmic X-ray background (CXB) and the Galactic foreground emissions arising from the local hot bubble (LHB), and the Galactic halo (GH) were taken into account. For our analysis, the RASS spectrum was extracted from a 1-2 degree annulus surrounding A1631. We modeled the X-ray background components with the formula " apec LHB + phabs * (apec GH + powerlaw CXB )", where APEC and PHABS show an optically thin thermal plasma in collisional ionization equilibrium (Smith et al. 2001) and a photoelectric absorption model, respectively. The temperature of apec LHB and the Galactic column density N H of PHABS based on the HI maps (Kalberla et al. 2005 ) are fixed to 0.1 keV and 3.4 × 10 20 cm −2 , respectively. The index of powerlaw CXB was fixed at 1.4. We confirmed that the RASS spectrum is described with the spectral model and the CXB intensity is consistent with the typical value (Kushino et al. 2002) . Thus, we concluded the RASS spectrum is suitable to estimate the X-ray background emission. To take into account the statistical uncertainty of the Xray background spectrum, the observed spectra and the RASS spectrum were simultaneously fitted.
We confirmed that resulting parameters do not change significantly within the statistical errors even though the 30 % uncertainty is taken into account to explain the temporal and spatial fluctuations in the X-ray background components.
Each observed spectrum was fitted with an absorbed 1T model "phabs * apec ICM ", first. The metal abundance was fixed to be the typical value Z = 0.3 solar for nearby clusters because the abundance was not well constrained. Some spectra show residuals around ∼ 0.7 keV, corresponding We assessed the systematic errors on the intensity between the detectors, which are ∼20% in both XIS and EPIC instruments and are included in the errors of table 2. The parameters in Region 1 obtained using Suzaku spectra and XMM-Newton spectra are consistent within the errors.
The high-temperature (kT ∼ 2.6 keV) components were significantly detected in the whole regions of the east, north, and west directions and only in a central part of the south, whereas the lowtemperature (kT ∼ 0.7 keV) components were detected mostly in the south direction. The quite different spatial distribution suggests that each component has a different origin. In Trinchieri et al. (2012) , the thermal diffuse X-ray emission with kT ∼ 0.7 keV in the south-west direction of NGC4756 is detected. It has been inferred that the emission is originated in a foreground galaxy group (z = 0.01399) that contains NGC 4756. On the other hand, there is a possibility that the 0.7 keV excess emission is a part of the Galactic foreground emissions as reported in several previous studies (e.g., Markevitch et al. 2003; Sekiya et al. 2016 ). Thus, we assumed that the low-temperature component detected in Region 1 is uniformly distributed in the whole region, re-conducted spectral analysis, and confirmed that the resulting parameters of the high-temperature components are consistent with those of the original analysis within the statistical errors. The low-temperature components are much fainter and does not have significant impact on the resulting parameters for the high-temperature components.
Because the origin of the low-temperature components is beyond the scope of this paper, we will focus on the high-temperature components and drive the physical properties of the ICM associated with A1631 hereafter. Note that all physical parameters described below are those of the high-temperature components.
The mean temperature of the cluster is derived to be 2.9±0.3 keV using all rings within 1.5 Mpc. From the temperature and the relationship given in table 2 of Arnaud et al. (2005) , the virial radius of the cluster is estimated to be r 200 = 1.2 Mpc, which corresponds to ∼ 22 ′ at z = 0.046.
The absorption-corrected flux within r < ∼ 0.7 r 200 in the energy band of 0.5-8 keV is estimated to be 7.0 × 10 −12 erg s −1 cm −2 . The absorption-corrected luminosity in the 0.5-8 keV band and the bolometric luminosity of the cluster are 3.5 × 10 43 erg s −1 and 4.5 × 10 43 erg s −1 , respectively.
The bolometric luminosity is approximately 1/3 of that expected from the observed temperatureluminosity relationships in the X-ray selected clusters (e.g., Pratt et al. 2009 ).
Three-dimensional radial profiles
To derive the three-dimensional structure of the temperature, density, and entropy, we conducted a deprojection analysis assuming the spherically symmetric gas distribution. The analysis was performed by using "projct" model in XSPEC. In the deprojection analysis, it is difficult to constrain the parameters of the low-temperature components. The parameters were limited to the ranges of statistical errors obtained from the projected analysis to take into account the uncertainties. Region 1 was commonly used in this deprojection analysis of each direction. Since the uncertainty in temperature is large in the Region 5 for the east and the north, the temperature of the regions are linked to those of the outer regions.
The derived temperature profiles with the radius normalized by the virial radius are shown in figure 3 (a) . In each direction, the east, west, and south, the temperature coincides from the inner radius to the outer radius within the statistical errors. For the north direction, the profile shows decrease from ∼ 7 keV to ∼ 2 keV with increasing radius, except for the increase around ∼ 0.6 r 200 . In figure 3 (b) , the electron density n e is calculated from APEC's normalization factor and south directions are shifted horizontally by 5%, 10%, and 15%, respectively. The cyan empty circle and magenta empty triangle marks show another low surface brightness cluster, A76, in the east and west directions (Ota et al. 2013) . In panel (c), the dashed line represents the baseline entropy profile, K = 550 keV cm 2 (kT /1 keV)r 1.1 (we assumed the derived kT = 2.9 keV), derived in Voit, Kay, & Bryan (2005) .
is evaluated from the temperature and gas density as shown in figure 3 (c) . The entropy profile is found to be flat, with an azimuthally averaged central entropy (r < ∼ 0.1 r 200 ) of ∼ 800 keVcm 2 . The derived temperature, gas density, and entropy are summarized in table 3.
We assessed the possible systematic errors in the temperature and density as follows: (i) contamination from NGC4756 due to large Suzaku PSF, (ii) uncertainty of the metal abundance. First, we assessed the systematic error due to (i). To estimate the effect of the PSF scattering from NGC4756 with the flux of 5.4 × 10 −13 erg s −1 cm −2 (0.5-8 keV), we used the ray-tracing simulator xissim tool (Ishisaki et al. 2007 ) to generate Suzaku event files of NGC4756 by using the method described in Ezer et al. (2017) . The XMM-Newton/EPIC images and the spectral model with best-fit parameters derived from the analysis of NGC4756 spectra were used to create simulated event files of each XIS sensor with 5 × 10 6 photons. The fractions in the 0.5-8 keV band of photons originated from NGC4756 are 3.6% for Region 1 and 1.2% for Region 2 east. The other regions have the smaller per-centage than that of Region 2 east, making them a negligible contribution to the flux from each region.
To assess the impact of (ii), we fixed the metal abundance to Z = 0.5/0.1 solar and conducted the above-mentioned spectral fit. Consequently, the density and temperature of each region are consistent with the results with Z = 0.3 solar within the statistical error ranges. Thus, we confirmed that the systematic errors do not change our results.
DISCUSSION
In this section, to discuss the dynamical state of the cluster, we compare the X-ray properties with those of other X-ray selected cluster and examine the optical properties.
4.1 Temperature, density, and entropy profiles Pratt et al. (2007) derived the temperature profiles of the 15 nearby clusters using the XMM-Newton data. Comparing our resulting temperature profile (figure 3 (a)) with theirs, A1631 exhibits the flatter profile. The density profiles also show relatively flat, relative to those of REXCESS sample examined in Croston et al. (2008) . The azimuthally averaged density profile is fitted by the single β model with the core radius of 0.14 ± 0.07 r 200 , β of 0.22 ± 0.05, and the central electron density of (4.9 ± 0.6) × 10 −4 cm −3 . The β value is relatively low at a given core radius compared to the other X-ray selected clusters (see, figure 18 (a) of Ota & Mitsuda 2004) . The central electron density, ∼ 5 × 10 −4 cm −3 , which is relatively lower density than that of other clusters at a given temperature (Kravtsov & Borgani 2012) . The above-mentioned trends are similar to those of A76 (Ota et al. 2013 ).
The gas mass within r 200 is calculated to be 0.34 × 10 14 M ⊙ using the above-described β model and a total mass within r 200 of 2.1 × 10 14 M ⊙ estimated from the M-T relation (Arnaud et al. 2005) . Then, the gas-mass fraction is estimated to be ∼ 0.16 and the value is in agreement with universal gas mass fraction of ∼0.15 even though the uncertainty in the mass estimation remains considering the dynamical state of the cluster. Comparing our resulting entropy profile with those of X-ray selected clusters in Pratt et al. (2010) (figure 4), we find that A1631 exhibits one of the highest entropies at the center (r < ∼ 0.1 r 200 ). The central entropy ( > ∼ 400 keV cm 2 ) at 0.1 r 200 is at least approximately four times larger than that expected from gravitational heating alone (∼ 100 keVcm 2 ) shown as the dashed line in figure 3 (c). Non-gravitational heating processes, such as AGN feedback and preheating, are plausible mechanisms for increasing the entropy. We assessed the impact of non-gravitational heating processes in the same way with Ota et al. (2013) . The excess entropy ∆K AGN due to AGN feedback are estimated to be ∼ 0.4 keV cm 2 by using the empirical L K -∆K AGN relationship derived by Wang et al. (2010) and the K-band luminosity log(L K /L K,⊙ ,) = 11.1 for PGC 043777 (z = 0.0474), the brightest member galaxy in the K-band. The excess entropy produced by preheating is ∼ 140 keV cm 2 (Ota et al. 2013) . Therefore, it is unlikely that the high entropy K > ∼ 400 keV cm 2 in A1631 can be explained by the AGN feedback and preheating. We note that the possibility remains that the past extraordinary AGN activities injected the high entropy. (2010)). The vertical axis is normalized by the K500 derived from eq. (3) of Pratt et al. (2010) . The horizontal axis is renormalized by r200.
Comparison between X-ray and optical properties
The optical information is also useful to discuss the dynamical state of clusters (see, e.g., Colafrancesco et al. 2000) . The cluster was observed as a part of the Omega WIde-field Nearby Galaxy-cluster Survey (OmegaWINGS) (see, e.g., Gullieuszik et al. 2015; Moretti et al. 2017) , which is an optical follow-up survey (photometric and spectroscopic survey) of 76 nearby (0.04 < z < 0.07) X-ray selected clusters out to the virial radius and the redshifts of ∼18000 galaxies were measured with a median error of 50 km s −1 . The 288 spectroscopic galaxies are selected as the member galaxies (Moretti et al. 2017) . By using the velocity dispersion σ = 760 ± 28 km s −1 estimated by using the member galaxies (Moretti et al. 2017 ) and the bolometric X-ray luminosity L X = 4.5 × 10 43 erg s −1 , we compared with the σ − L X relationship of the X-ray selected clusters. From the relationship of table 3 in Zhang et al. (2011) , the expected bolometric luminosity is ∼ 2 ×10 44 erg s −1 , and it is found that the bolometric luminosity is relatively lower at a given velocity dispersion.
On the other hand, the temperature and velocity dispersion are in good agreement with the T − σ scaling relation within a factor of ∼1.5 (Mulchaey 2000) . These features may show that all derived quantities are roughly consistent with the cluster scaling relations except for the lowluminosity and high-entropy features. It appears that the low central gas density results in the low luminosity and high entropy.
We compared the spatial distribution of the X-ray emission with the member galaxy spatial distribution. Figure 1 shows that the X-ray emission in the south is much fainter, while the number of the member galaxies in the south, 67 galaxies, is not significantly smaller than those of the other regions (east: 67, north: 54, west: 98). There is no significant discrepancy between radial profiles of the number density of the member galaxies in all directions. Thus, X-ray surface brightness distribution spatially differs from the galaxy distribution.
Possible scenario
The A1631 shows the following observational features; (1) higher entropy, K > ∼ 400 keV cm 2 , at the central region (r < 0.1 r 200 ), (2) the relatively lower bolometric luminosity for the given velocity dispersion, (3) spatial difference between the X-ray surface brightness distribution and the galaxy distribution.
One possible explanation for these phenomena is that the cluster is a post-merger system and went through the counterpart as the Bullet cluster system (Markevitch et al. 2004) . The merger could have dispersed the low-entropy gas in the center and mixed it with the high-entropy ICM at larger radii, which leads to the central high entropy and the flatter entropy profile (ZuHone 2011). The ICM is stripped by ram pressure and the X-ray luminosity is expected to be low, relative to that predicted from the velocity dispersion. The spatial difference between the X-ray surface brightness and the galaxy distribution is also explained by this scenario as seen in the Bullet cluster system, even though, we can not find obvious evidence for merger activities, such as density jumps, which may be due to the large size of Suzaku's PSF. Future observations with higher angular resolution may be able to see the interaction effects.
This cluster is located in the Shapley Supercluster (z ∼ 0.05), which is the most massive known structure in the local Universe (Chow-Martínez et al. 2014) and which may provide a particularly rich environment for merger activity. Assuming the typical collision velocity of 600 km
expected from the concordance Λ cold dark matter model (Thompson & Nagamine 2012 ) and the half of age of the Universe, no clusters are found around z ∼ 0.05 within the region in the NED web site site 4 as candidates of the partner. If the post-merger scenario is correct, the subcluster lies in A1631. Future weak lensing observations may identify the dark matter clumps originated in the merging system.
Summary
We have analyzed the X-ray data of the LSB cluster A1631, which has the lowest surface brightness in a cluster sample of the ROSAT All-Sky Survey. Based on the Suzaku observation data, the observed X-ray morphology has no strong peak and is irregular. We have examined the spatial distribution of the physical properties, gas temperature, density, and entropy, from the Suzaku and XMM-Newton data, out to ∼ 1.5 Mpc. The gas density is comparatively low (a few × 10 −4 cm −3 ) for the observed high temperature (∼ 3 keV) compared with those of X-ray-selected clusters. The central gas entropy ( > ∼ 400 keV cm 2 ) is the highest among the known nearby clusters. The bolometric luminosity is approximately 1/3 of that expected from the observed temperature-luminosity relationships. These properties are also observed in the low surface brightness cluster A76. By using the rich optical data,
we have compared the X-ray properties with the optical properties. We have found that the spatial distributions of the member galaxies and the X-ray emission differ and that the bolometric luminosity is relatively lower at the given velocity dispersion. We have proposed the post-merger scenario to explain these observational properties. 
